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Abstract

Three generations of a wide-band Low Noise Amplifier (LNA) are designed in a 0.35 p.m

BiCMOS technology. The topology chosen is a noise-canceling topology with shunt resistive feedback for

wide-band matching to 50 D_. The second generation design was fabricated and measured. It had a

measured gain of 17 dB and a bandwidth of 2.6 GHz. Its Noise Figure is below 3 dB over the LNA

bandwidth, with minimum value of 2.4 dB. It draws 13mA current from a 2.5 V supply. This LNA has an

excellent figure of merit FOM = ($2| x BW)/(NF x PDC) compared to the other wide-band LNAs.

Based on the experience gained from the first two design generations, a synthesis-based design

strategy is developed. A third generation LNA is synthesized using this strategy. It optimizes between the

various noise sources affecting NF with the other parameters involved in the FOM, leading to a LNA that

outperforms earlier designs by about 2x.
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1 Introduction

Wireless communication systems use electromagnetic signals, with frequencies in the range of hun-

dreds of kilohertz to several gigahertz, for the transmission and reception of information through air. Fre-

quencies in this range are called radio frequency (RF). In any wireless system, information to be sent (e.g.,

voice) is first modulated, then put onto the radio frequency (RF) carrier and amplified before transmission.

On the other end, received RF signals are amplified, converted to lower frequencies and then demodulated

to obtain the information (voice) that had been sent. For modem wireless systems, the wireless channel

interface (also known as the front end) typically has to deal with GHz frequency RF signals. Although sub-

blocks for these front ends are analog in nature, their design is much more complicated than classical low-

frequency analog design. Several factors, such as the ability to operate at low signal power levels, high

dynamic-range, impedance matching, coupling and circuit parasitics, make the design of such front-end

blocks complicated.

Traditional wireless communication systems are designed for only one communication standard.

However, the demand for convergence of wireless services, in which users can access different standards

from the same wireless device, is driving development of multi-standard and multi-band transceivers. Thus,

future RF front-ends will need to operate over multiple frequency bands. This report focuses on the design

of a sub-block called low-noise amplifier (LNA) for use in a multi-band multi-standard complimentary

metal-oxide semiconductor (CMOS) integrable receiver front end for portable applications. A typical 

receiver front-end looks likes one of the multiple parallel arms shown in Figure 1-1. In addition to the LNA,

the front-end is comprised of an antenna, a band-pass filter (BPF), a voltage-controlled oscillator (VCO)

and a mixer. The LNA is required to amplify the signal in the band selected by the BPF, from a wide range

of frequencies. The amplified signal from the LNA can then be converted to a lower frequency by the mixer.
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Figure 1-1 Multi-band radio receiver front end with (a) narrow-band LNA and (b) wide-band 

For any RF front-end, several design decisions need to be made. The first is the overall architecture.

Once the architecture is selected, the circuit topologies for various sub-blocks need to be designed, next is

the choice of fabrication technology. The issues involved in these decisions are outlined in the following

three sections. They are followed with a definition of the key LNA specification parameters. Target values

for these specifications will also be decided. Next, these specifications will be combined to a single param-

eter, called the figure-of-merit (FOM).

1.1 Narrow-band vs. Wide-band LNA
The optimal LNA should add only the minimum amount of noise as it amplifies the signal, increas-

ing the overall signal-to-noise ratio after it is done. This noise performance characteristic of an LNA is mea-

sured by its noise figure (NF). The lower the NF the better the LNA, as it means less noise is added by the

LNA compared to its gain. LNA requirements for the multi-band multi-standard receiver described in the

previous section could be satisfied in two ways. First, it could be accomplished by using multiple input stage

for each frequency band of interest. This will require multiple classical narrow-band LNAs [ 1 ] as done in

[2] and shown in Figure 1-1 (a). The second option is to use a wide-band LNA in conjunction with a tunable

BPF as shown in Figure 1-1 (b).



The advantage of the first approach is that the performance of each front-end can be optimized for

each frequency band. However, as each of the LNAs is typically LC tuned and integrated inductors are the

most area consuming on-chip components, a large amount of chip area is required. This increased area

implies high cost. On the other hand, the second option of using a wide-band LNA allows some hardware

sharing and has the area, hence cost advantage. Wide-band LNA based RF front-end with multiple BPF

have been reported in [3] and [4]. In these examples, the LNA is shared, however, the BPF filters are not.

The obvious extreme end for this trend is sharing both the LNA and the filter, as shown in Figure 1-1(b).

Such an architecture is now feasible with the potential for a CMOS compatible tunable BPF [5]. As a result

of these advantages and trends, this report focuses on a single wide-band LNA architecture.

1.2 Wide-band Amplifier Design
A variety of wide-band amplifier designs have previously been proposed. One approach is the dis-

tributed amplifier, in which several lumped inductor and capacitor elements interconnect simple amplifier

topologies as in [6]. In this approach, each stage adds to the gain. Due to the multiple stages, there is a high

component count. Each of the many active and passive devices introduce noise into the system, which adds

up to an overall NF that is too large for LNA applications. To reduce the noise from the active devices, the

number of the active devices can be reduced. Thus, fewer amplifier stages are desirable. Although ideal

(loss-less) inductors have no noise sources, practical inductor implementations have loss, and therefore, also

act as a noise source. Inductor noise can be completely eliminated by using an inductor-less topology. This

also substantially reduces the circuit area, as on-chip passives occupy larger chip area compared to active

transistors. The resulting noise in these inductor-less topologies is solely from the transistors. To further

reduce this noise, an approach that removes some of the injected transistor noise in the wideband LNAs is

desired. This report uses one such inductor-less, noise cancelling topology [7].



1.3 Technology Choice
RF front-ends have been designed in a wide variety of technologies, including Gallium Arsenide

(GaAs), Silicon Bipolar Junction Transistor (BJT), RF CMOS and Silicon Germanium (SiGe) BiCMOS.

The desire for integration with CMOS baseband components limits our choice to RF CMOS and SiGe

BiCMOS technologies. The advantage of such an integration will be reduced system size and cost (both

reduced as there are fewer discrete components to assemble on a board). SiGe bipolar transistors, also called

HBTs (Hetrojunction Bipolar Transistors), have higher gm/! and better noise characteristics compared to

CMOS transistors [8]. This higher g,~/I implies more gain for the same amount of bias current (which is

directly proportional to power consumption). The high gain can be traded off to improve the NF, by burning

less current which will reduce the shot noise generated by the transistors, as shot noise is proportional to the

bias current. Also, the HBT has better parametric yield as its performance depends on the vertical diffusion,

a geometrical parameter that is less variable than the CMOS lateral gate length. Therefore, the LNA will be

designed in a SiGe BiCMOS technology.

1.4 LNA Specifications
Performance specifications used to characterize a LNA include noise, power gain, impedance

matching, power consumption and bandwidth. In this section we define the LNA specifications and specify

their target values.

Noise added by any circuit or system is characterized by a term called NF. It can be shown that NF

of 3 dB means that the signal-to-noise ratio (SNR) degrades by factor of two. As derived in detail in the

appendix, this would mean that the noise power added by the system will be same as the noise at the input

amplified by the amplifier gain. Thus, the target value for the NF is set to be below 3 dB over the entire

bandwidth.

Having a high power-gain is equally important as having low noise. In RF terminology gain is

reported as S:1. In the overall system NF expression, noise of the following stages in the cascade are divided



by the power gain of the LNA. This means that high gain LNA will reduce the ability of the following stages

to degrade the system SNR. Based on [ 1], [6], [7], the target value of the $21 is set to be greater than 15 dB.

50 f~ is a standard impedance for most of the RF waveguides used to connect LNA chips with off-

chip filters or mixers. For maximum power transfer, most RF circuits are designed to have input and output

impedances of 50 V~. When the interconnect is on-chip (meaning that they are much shorter than the wave-

length at the desired frequency of operation) the interconnect does not behave as a waveguide and matching

to 50 f~ is not required for maximum power transfer. However, as the LNA will be tested stand alone using

50 f~ RF measurement cables and test equipment, the input and output impedance are designed to match to

50 f~. $11 and $22 are measures of the input and the output match. A value of-10 dB means matching to

within 20 %. Therefore the target value for Slz and S:2 is set to be below -10 dB over the entire usable band-

width.

The bandwidth (BW) of the amplifier was set by the range of frequencies that the multi-band

receiver front-end has to support. The target value for the bandwidth is set to be 2.5 GHz so that LNA covers

AMPS, PCS and ISM bands. Another goal was to minimize the power consumed to enable long operational

life in a limited battery power portable application.

1.5 Figure of Merit
One LNA circuit may have a larger BW, while another may have a larger gain, making comparison

between different LNAs difficult. To enable such a comparison, designers typically map the multitude of

circuit specifications into a single scalar figure of merit. For the case of the wide-band LNA the FOM is

defined as:

$21 x BW
FOM - (~.~)

NF x P DC



It takes into account the power gain ($21), bandwidth (BW), noise figure (NF) and power consumed

(PDc)" It is inspired by expression for FOM for narrow-band LNAs in [9] but includes the BW term as this

report focuses on wide-band LNAs. Clearly the best circuit will have the highest FOM.

1.6 LNA Synthesis
The need to simultaneously meet multiple specifications makes RF circuit design complicated. To

manage the design complexity, we use an automated circuit synthesis approach similar to [6]. Individual

design constraints for each specification is combined with FOM maximization to obtain the best possible

design.

1.7 Report Outline
Chapter 2 discusses the LNA topology choice and principle of operation. Chapter 3 describes the

design methodology using automated design tool NeoCircuit®. Chapter 4 presents the results (synthesis,

simulation and measurement) and their comparison to the literature. Chapter 5 concludes the thesis and out-

lines future plans.
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LNA Topology

The architecture and technology decisions in the previous chapter constrain us to a wideband LNA

implemented in SiGe BiCMOS technology. We now need to select the circuit topology before we can size

and bias the transistor schematic. This chapter will start by describing the design issues affecting the LNA

topology, and lead to the choice of the noise-cancelling topology for the LNA designed in this report.

2.1 Topology Choice
Many cormnon LNA topologies are ruled out either because of their inability to provide impedance

match over the wide range of frequencies or their inability to provide wide bandwidth with low NF [7].

Therefore, we start with a basic single-stage amplifier topology and expand on it to arrive at the final topol-

ogy by considering requirements for the LNA one at a time. Each time we fail to meet the desired require-

ment, a topology change will be instituted to help extend the LNA’s performance.

Power gain is a primary performance specification for the LNA. Our starting point is one of the

three simple single-stage amplifier topologies, namely common-emitter (CE), common-collector (CC) 

common-base (CB). Of these, the common-emitter (CE) is the only topology with both voltage and current

gain. This means that it is capable of giving power gain, in presence of either current or voltage as input.

Unfortunately, the CE topology has an input impedance that is too large for RF applications. A resistive

shunt feedback as shown in Figure 2-I can reduce the input impedance to achieve 50 ~ over a wide range

of frequencies.

Assuming thin

(a) the extrinsic base resistance %, 



R$

-y
JBias

R~
VOUT

Figure 2-1 Shunt-feedback common emitter schematic

(b) the feedback resistance RF,~ ro (the transistor output resistance)

(c) current gain 13 is large

then the small signal gain, input and output impedance of the circuit in Figure 2-1 are given by [ 10]:

AV = -(gmlRF - 1) (2.l)

Rin = 1/gml (2.2)

Rout = (RS+ RF)/2 (2.3)

andSetting Rin = RS = 50~ = Rout in equation (2.2) & (2.3) leads RF = 50~2

grnl = 1/(50~). Plugging gml and RF into equation (2.1) unfortunately implies zero gain, because

impedance matching (input and output) conditions are both coupled to the gain. In the above equations there

are three constraints (gain, input and output impedance) and two variables or degrees of freedom (gm 1 and

RF). Therefore the three constraints cannot be met independently. Decoupling these three constraints

requires adding one more variable. We can obtain that by adding a second stage, as shown in Figure 2-2.

For implementing the current source, lej~s, in Figure 2-1 a p-type metal oxide semiconductor field

effect transistor (MOSFET or MOS) is preferred over BJT. This is because MOS current sources require

less voltage headroom compared to BJT current sources. In a PNP type BJT the emitter-base (EB) junction

has to be forward biased and the base-collector (BC) junction has to be reverse biased. The voltage head-



RS

RF VOUT1

CHp

VB~s2

Q3

Figure 2-2 LNA with emitter follower as second stage.

room needed by such a PNP source, is set by the emitter-collector (EC) voltage. This EC voltage has to 

more than the EB voltage. In a PMOS current source, the voltage between source and drain, which is the

voltage headroom, has to be greater than gate-source voltage, minus the threshold voltage. This means the

source-drain voltage can be less than gate-source voltage and the device will still work as a current source.

Furthermore, the HBT turn-on emitter-base voltage is higher than the CMOS gate-source threshold voltage.

Thus, MOS current sources require less voltage headroom compared to HBT current sources. Moreover, the

PNP type HBT is typically not available in SiGe BiCMOS processes.

The high-pass filter constituted by R~ze and C~ze is used to independently bias the two stages. This

new second stage decouples the gain and the output impedance match requirements, as output impedance is

now determined by the output impedance of the emitter follower (second stage). However, this is at the

expense of the added noise from the additional devices in the second stage. Note that this second stage does

not provide any additional gain, but does add to the noise. Some noise reduction is possible by modifying

this circuit to cancel some of the generated noise. This approach is described in the next section.



Figure 2-3 Noise canceling principle with first amplifier stage

2.2 Noise Cancelling Principle
The noise cancelling principle [7] is explained using Figure 2-3 and Figure 2-4. It takes advantage

of the resistive feedback through Re, to cancel the noise from the transistors Q1 and el. The noise originat-

ing in these transistors appears at the output of the first stage ( Four~ ). The resistor RF causes this noise to

appear at the input (FtN) with some attenuation. The exact value of this attenuation can be calculated 

using the small signal model of the first stage. A detailed derivation of the expression of the attenuation

factor ,4 can be found in [10]:

Figure 2-4 Noise canceling principle with both amplifier stages
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Figure 2°5 Final topology

A = R--F+ 1 (2.4)
RS

The input signal at v~u is amplified to the first stage output according to equation (2.1). Since the

value of the gain is negative, the amplified signal at Vo~.rl will be out of the phase with the input signal. As

the value of the attenuation factor is positive, the attenuated noise at the input will be in phase with the noise

at Vouv~, as shown in Figure 2-3. This property of the circuit can be exploited to cancel some of the noise

originating in transistors QI and P/-

Noise cancelling can be achieved by connecting an inverting amplifier of gain -,4, which is negative

of the attenuation factor seen by the noise at Vourl as it is fed back to vtN, and summing its output with

Vo~r~, as shown in Figure 2-4. In this amplifier, both the desired signal and the attenuated noise at the input

are amplified and undergo phase inversion. It can be easily seen (and is shown in Figure 2-4) that when

inverting amplifier output is summed with the signals at Vo~r~, the noise gets cancelled and desired signals

add up.

A transistor implementation of the concept demonstrated in Figure 2-4 is shown in Figure 2-5. The

reasoning for the sizing relationships between the devices has been arrived at previously [ 10]. The summing

circuit is implemented using transistor Q3. Inverting amplifier is implemented using transistor Q_,. In order

11


